Aims: Two genetically distinct clones of Phragmites australis were used to investigate the immediate response induced by osmotic stress. The study aimed at elucidating if the response time, the inhibition rate and the recovery from salinity stress vary between these two genotypes. The experimental work was conducted at the laboratory of the Institute of Bioscience, Aarhus University, Denmark. Methods: The light-saturated photosynthetic rate (P max ), stomata conductance (g s ) and transpiration rate (E) were measured over different periods of salt exposure (15, 70 and 240 minutes) and at different salt concentrations (20 and 40 parts per thousand salinity). Important findings: The osmotic stress induced stomata closure and reduction of P max and E for both clones. The clone-specific responses as measured through physiological parameters were negatively correlated with exposure time and salt concentration. During the 4-hour exposure at 20 ppt, the two clones were inhibited at different rates. The salt-sensitive Land-type showed an immediate reduction of P max , g s and E. No recovery was observed after removing the salt solution. At the same salt concentration, the reduction of P max g s and E of the Greeny-type was lower and immediate recovery was observed when the root zone was rinsed. Both clones were irreversibly inhibited after 4 hours of exposure to 40 ppt. Recovery was primarily related to exposure time, as P max , g s and E rates of both clones recovered completely after fresh-water rinsing in the 15-minute experiment. The Greeny-type also recovered after the 70-minute exposure, but not the Land-type. We conclude that the response to osmotic stress is genotype-dependent and that the salt-tolerant clone possesses very efficient signaling pathways to detect changes in the soil water potential and adjust accordingly.
Introduction
The wetland grass Phragmites australis is one of the most widely spread species in the temperate region [1] , and can be found on all continents except Antarctica. Its cosmopolitan distribution is supported by the clonal reproduction, but also by the high genetic variability within the species, as distinct populations often co-exist and cross-pollinate [2] . The morphological and physiological traits of genetically distinct P. australis clones vary widely [3] - [7] , and various P. australis ecotypes have evolved resistance to different types of environmental stress, such as drought, salinity or low temperature [8] - [13] . This may be the key reason why populations of common reed are, in some parts of the world, a component of balanced and diverse wetland ecosystems, while in others Phragmites australis is highly undesired and classified as a weed.
Expanding population of P. australis have been reported on the East Coast of the United States, where introduced invasive genotypes from Europe are out-competing the natively occurring vegetation [14] [15] . Among possible features of successful invaders, a broader environmental niche, vigorous hybrids or higher tolerance range have been suggested [16] and investigated for different P. australis genotypes [13] [15] [17] .
Various introduced P. australis genotypes are competing in the Gulf Coast of the US-a "hot-spot" of P. australis genetic diversity. Very interesting dynamics of introduced P. australis populations can be observed in the Mississippi River Delta. According to Hauber et al. [17] , several introductions have occurred; hence, the genotypes interacting in the area have different origins and gene pools. Lambertini et al. [18] have identified four different phenotypes. Their distribution seems to be correlated to a salinity gradient, as certain phenotypes are found predominantly in the outer and salt-affected marshes, whereas others are prevalently spread inland (Landtype). The most productive strains (EU-and Delta-type) are located in the brackish lowlands and their higher salinity tolerance compared to the Land-type has been proven by Achenbach and Brix [19] . It is apparent that the ability of certain P. australis genotypes to cope with salt stress plays a crucial role in their observed colonizing of coastal habitats, usually in the disfavor of less salt tolerant genotypes/species.
The salinity tolerance range of individual P. australis genotypes has previously been reported to vary significantly [19] - [23] . While for most populations the growing optimum lies between 0 and 16 ppt [10] [20] , several genotypes have a salinity tolerance reaching 30 ppt [19] [21] [23] . Furthermore, progressive exposure studies [20] have revealed that under acclimation, certain P. australis genotypes can still survive at 56 ppt. Different response mechanisms were found, such as reduced water uptake through closed stomata, Na + exclusion through selective channels at the root level, or compartmentalization of Na + into the vacuoles [19] [20] . However, the physiological processes associated with salt-stress response are complex, and dependent on several variables, such as salt concentration or exposure time [24] .
Mechanisms of salinity tolerance involve a rapid, osmotic response, and a slower, ionic response [24] . The osmotic response is triggered by the low water potential of the salt solution. The osmotic stress immediately reduces cell turgor in root tips and young leaves, and causes stomata closure. Consequently, it may determine a down-regulation of the transpiration stream. This impedes the uptake of toxic solutes, but it also reduces growth. Previous results have shown that certain genotypes of P. australis are able to sustain high P max despite partial stomata closure [19] . Thus, carbon fixation continues and water use efficiency increases. This process is, however, associated to low salinities up to 10 ppt [19] [24] , under long-term exposure, as the uptake of toxic ions eventually induces ionic stress and severe inhibition of photosynthesis [20] .
In this study, we compare the short-term response to salinity of a salt-sensitive clone (Land-type) and a salttolerant clone (Greeny-type) from the Mississippi River Delta. The question that we try to answer is how fast P. australis can sense a change in soil water potential when fresh water in the soil is replaced by salt solutions of different concentrations. We hypothesize that the response to a sudden increase in salinity in the rhizosphere is dependent on the genetic background of the plants, as salt-tolerant clones are less inhibited and better adjusted to changes in the soil water potential.
Our aims are to 1) test if the response time to sense and regulate osmotic stress varies between genotypes, 2) assess the maximum salt concentration where the damage is reversible for each genotype and 3) ascertain to which extent plants can regain functionality after different salt-stress exposure periods.
Materials and Methods

Plant Material
Based on previous results [19] , two clones of P. australis from the Mississippi River Delta with different salinity tolerance levels were selected. The Greeny-type was shown to tolerate salinities as high as 40 ppt, whereas the Land-type was strongly inhibited at salt concentrations higher than 20 ppt. In order to produce similar-sized genetically identical plants for use in the experiment, harvested shoots of the two different P. australis clones were placed horizontally on a sand substrate with 2 -3 cm water layer, in a heated greenhouse (20˚C) for one month, until new adventitious shoots with roots were produced at the stem nodes of the layered shoots. Five genetically identical shoots of each clone were then separated and similar-sized plants were distributed in 3.5 L plastic pots (top diameter 18 cm, bottom diameter 13 cm, height 17.5 cm). The pots were filled with sand and watered every second day with a fertilizing solution prepared from tap water and commercial nutrient solutions (100 mg•L −1 Pioner NPK Makro 19-2-15 + Mg, Brøste, Lyngby, Denmark; 0.1 ml•L −1 Pioner Mikro plus with iron, Brøste, Lyngby, Denmark).
Experimental Setup and Environmental Conditions
The plants were kept in a growth chamber, which was set to 16/8 h light/dark cycle, at a temperature of 25˚C/ 22˚C and RH of 60%/70% respectively. The acclimation time before measurements started was 25 days. The light intensity (PAR) measured inside the growth chamber ranged from around 1200 µmol•m Saturated water level was maintained by placing the pots with the plants in black 6 L buckets (top diameter 21.5 cm, bottom diameter 16 cm, height 20 cm) which were filled to a height of approx. 10 cm with the fertilizing solution.
Gas-Exchange Measurements
The light-saturated rates of photosynthesis (P max ), transpiration (E) and stomata conductance (g s ) were measured on the third fully-developed leaf of each plant, using an Infrared Gas-Exchange Analyzer (LI-6400XT Portable Photosynthesis System, Li-Cor Biosciences, Lincoln, NE, USA). The leaf chamber was placed on a tripod to ensure stability during readings. Light was supplied by a 6400-02B LED light source (Li-Cor Biosciences, Lincoln, NE, USA) set at 1800 µmol•m −2 s −1 irradiance. The temperature inside the leaf chamber was conditioned at 20˚C. Ambient CO 2 was provided from the outside air through a tube, its concentration being rather constant.
The two clones were measured for three different target exposure times. First, a 4-hour exposure to salinity was performed, and the response to different salt concentrations (20 ppt and 40 ppt) was tested. Second, the exposure time was reduced to 15 minutes under 20 ppt salt concentration. Third, the two clones were exposed to 20 ppt for 70 minutes. Each experimental part was repeated three times.
In the 4-hour experiment, four distinct replicates of each clone were used in order to measure and compare the response of the third fully-developed leaf in four different stress situations: 1) leaf sectioning from the shoot, 2) shoot sectioning from the plant, 3) continuous exposure of the root system to 20 ppt salt stress and 4) continuous exposure of the root system to 40 ppt salt stress. In all four scenarios, measurements began one hour after the light in the growth chamber had automatically turned on, the plants being first measured for 60 -65 minutes in unstressed conditions.
The first procedure consisted of recording the changes in P max , g s and E when the third fully-developed leaf measured was cut from the shoot. In the second one, the measured shoot (of distinct replicates) was cut from the plant. These procedures were performed in order to compare the adjustment time of the two clones and also to test clone-specific stomata closure under severe dehydration, as water would no longer be provided to the measured leaf. The cutting was performed 60 minutes after the measurement start and readings were recorded every 30 seconds for 4 hours. The measured leaves were situated at a height of 60 to 70 cm (Land-type) and 55 to 63 cm (Greeny-type) as measured from the soil level.
In the last two scenarios, salt solutions of 20 and 40 ppt concentration were administered to the root system of distinct unstressed replicates. The third fully-developed leaf was measured in stable conditions for about 60 -65 minutes, after which the salt solution was added. Measurements continued for around 240 minutes, by which time all parameters had either stabilized again at lower values, or had reached zero. Afterwards, the salt solution was carefully drained from the outer bucket and then the plant root systems were rinsed with fresh water. In order to ensure that the salt in the soil had been completely removed, the water that had completely flushed the root system was drained and the procedure of rinsing with fresh water was repeated after approximately 5 -10 minutes. The measurements continued for another 60 -70 minutes, or, if signs of recovery were present, up to 120 minutes. The same plants were shortly (3 minutes) measured again after three days in fresh water, to check for full recovery.
The second and third experiment targeted transitory short-term exposure to 20 ppt salinity, with the salt stress being removed after 15 minutes and after 70 minutes respectively. As the number of available replicates was limited, previously salt-exposed plants (also to 20 ppt) were used for these shorter time periods. However, these plants were allowed one week to recover. Hence, a newly grown third fully-developed leaf was measured. Similar to the 4-hour experiment, the measurements started under stable conditions (without salinity) for 20 minutes and 40 minutes respectively prior to treatment administration. The physiological parameters were monitored up to 80 minutes after rinsing the rhizosphere with fresh water.
Results and Discussions
Measuring the Response Time
The response of the plants after cutting the third fully-developed leaf consisted of an immediate reduction of the net CO 2 assimilation rate (Figures 1(A) and (B) green curve), reaching values close to zero within minutes. The same pattern was observed for stomata conductance and transpiration (Figures 2 and 3 green curve) .
Similar results were recorded when the entire shoot was cut (Figures 1-3 black curve). The reduction in P max , g s and E was equally fast to the leaf-cut, but slowed down in the lower range (P max under 5 µmol•m −2 s −1 ), reaching zero in around 60 minutes after the damage had occurred (Figure 1) . The pattern was identical for both clones, thus the "reaction time" was estimated to be equal.
4-Hour Exposure at 20 ppt
Administering a salt solution of 20 ppt concentration resulted in different responses of the two clones. The P max , g s and E were strongly reduced (Figures 1-3 The g s and E stabilized at these values for around 10 minutes, and then continued to decrease, reaching full inhibition after 30 minutes of salt stress (Figures 2(B) and 3(B) yellow curve).
4-Hour Exposure at 40 ppt
Different unstressed replicates of the two clones were exposed to a salt concentration of 40 ppt. Both clones registered a steep decline of P max , g s and E (Figures 1-3 red curve) . However, while the physiological parameters of the Land-type were inhibited to zero within 10 minutes after salt administration, in the case of the Greenytype, stable values were measured after approximately five minutes of exposure, but only for 5 -7 minutes (Figures 1(A), 2(A) and 3(A) ). The initial decrease was from 32 µmol•m The stable values were followed by a smoother decrease, reaching zero after 30 minutes of salt stress.
Recovery
The recovery process was not only genotype-dependent, but also strongly correlated both to the salt concentration and to the exposure time. While the Land-type showed no immediate recovery after 4 hours of exposure to 20 ppt, the Greeny-type exposed to the same salt concentration for the same period of time recovered partially within minutes after rinsing the root zone with fresh water (Figures 1(A), 2(A) and 3(A) yellow curve) . The high responsiveness of this clone to changes in soil water potential is further supported by a second short time decrease in P max , g s and E associated to the second draining of the water (approximately 350 minutes from the beginning of the experiment), and the immediate increase as soon as new fresh water was administered (Figures  1(A), 2(A) and 3(A) yellow curve) .
None of the two clones showed immediate recovery signs when rinsed with fresh water after the 4-hour exposure to 40 ppt. However, after three days, P max had recovered to 21 µmol•m , initial values of Greeny-and Land-type, respectively).
Transitory Exposure (15 and 70 Minutes) at 20 ppt
As both clones were sensitive to 20 ppt salinity, with the possibility of recovery, the exposure time under this salt concentration was reduced to 15 and 70 minutes. Measurements of P max , g s and E were performed on the two clones. The results were rather surprising, since the inhibition measured this time was lower, compared to the previous response. In the 15 minutes salt exposure, the response of the two clones was very different, yet in both cases, recovery was observed after salt removal. For the Greeny-type, despite rather high fluctuations, a slight increase in P max after salt administration was recorded (Figure 4(A) ). The g s was only minimaly inhibited from 0.49 mol•m . These values were hardly detectable at the scale of the previous inhibition range (the 4-hour experiment) and all parameters quickly returned to the initial values after rinsing. The P max of the Land-type was reduced from 27 µmol•m (Figures 4(D)-(F) ). In the 70 minutes salt exposure, the response of the two clones was again very different. The Greeny-type had a small decrease in P max (from 29 µmol•m ) were also measured (Figures 5(B) and (C) ). After rinsing the root zone of the Greeny-type with fresh water, g s and E recovered and stabilized at the exact values as before the stress period.
For the Land-type, an inhibition of 10% -15% of the initial values was measured for P max , g s and E shortly after administering the salt solution. The P max stayed stable during the 70 minutes of salt stress, but did not recover at all after rinsing the rhizosphere and continued to decrease even after one hour of fresh water exposure. The g s and E of the Land-type were also stable during the 70 minutes salt exposure, and even increased slightly in response to the flushing. However, similarly to P max , both g s and E continued to decrease for the rest of the measuring time.
Discussion
An efficient regulation of osmotic stress is crucial for survival under salt-stress conditions. Plants exposed to salt for a longer period of time which fail to down-regulate their transpiration stream will inevitably uptake a higher amount of toxic solutes and thus accumulate ions in toxic concentrations inside the plant faster.
Salinity stress has similar effects to drought in the initial phase (osmotic phase), as high concentrations of salts in the soil make it harder for roots to extract water. Salts on the outside of roots have an immediate effect on cell turgor and associated metabolism, but toxic concentrations of salts take time to accumulate inside plants before they affect plant function. Therefore, the response exerted in the initial exclusion phase is particularly important in estimating the ability of a plant to cope with salt stress.
The short-time response to salt exposure of the two genetically distinct P. australis clones investigated in this study reveals efficient mechanisms to regulate osmotic stress through stomata closure and transpiration reduction. These responses have been previously associated to changes in the soil water potential, as they can also be measured in response to drought [11] .
Similarities between plants' response to water limitation and to salt exposure have previously been documented [25] . Our approach of cutting the measuring leaf (and therefore inducing severe water stress) demonstrated a very fast response to reduced water availability, indicating efficient signaling pathways. The response was equally fast when the entire shoot was cut, as our plants were very young and the shoots were still short and thin. Nonetheless, the results indicate fast transport of water (or, in this case, lack of transport) from the roots to the leaves. Our study proved the hypothesis that the response time to sense and regulate osmotic stress varies between genotypes. The efficient osmotic response of the Greeny-type measured at 20 ppt suggests fast acclimation to changes in the water potential and a higher salinity tolerance level. The observed stabilization of P max , g s and E of the Greeny-type after approximately 200 minutes of exposure to 20 ppt salt concentration shows a higher salinity tolerance of this clone, as well as its ability to function at this salt concentration. Moreover, the immediate recovery after rinsing the rhizosphere with fresh water indicates a high capacity to adjust to fluctuating soil water potential. It also suggests that no permanent damage occurred, the toxic ions inevitably up-taken being most likely isolated in the vacuoles. It is not the case of the Land-type, whose P max , g s and E were totally impaired by the osmotic shock. Previous results have shown that preventing Na + to enter the plant for as long as possible is essential for P. australis survival in saline conditions [19] [20] . Hence, initial exclusion seems a viable strategy for this species. Our results confirm the hypothesis that P. australis possesses mechanisms to prevent high amounts of toxic ions from entering the tissues. The immediate stomata closure observed for both clones exposed to salinity suggests that exclusion is the first attempt to protect against salinity stress.
However, the concentration of the salt solution plays a crucial role. As expected, our findings indicated that the response to osmotic shock was faster, at high salt concentrations. This may be due to hormones, such as ABA, which have been suggested to be involved in regulating osmotic stress [24] . The concentration of ABA seems to be directly related to the soil water potential in the root zone, which can be regarded as the "intensity" of the stress [26] . Yet, the results of this experiment indicated different responses of the two genotypes when exposed to the same salinity, as well as different salt tolerance levels. Complete inhibition was estimated when total stomata closure and no recovery were measured. Hence, the highest salinity tolerated by the Land-type was 20 ppt, as also indicated by our previous results, while 40 ppt caused permanent damage for the Greeny-type. This result suggests differences in salinity tolerance comparable to the differences observed between different plant species [27] . Nonetheless, the stable values recorded shortly after the exposure of the Greeny-type to 40 ppt, which lasted for approximately 5 -7 minutes, indicate the potential of this clone to acclimate or at least survive for a limited period of time even at these high salinities. However, the premise for a potential acclimation would be a gradual increase of the salt concentration, as shown by Achenbach et al. [20] , who exposed P. australis to progressively increased salinity and measured extremely high tolerance levels under these conditions. Another indicative of our findings is that the Greeny-type might recover even after exposure to high salinities (40 ppt), given that the exposure time is short enough. Hence, our results prove the hypothesis that the Greeny-type has a higher ability to acclimate to fluctuating salinity. This premise is further supported by the small increase of g s and E (Figures 2(A) and 3(A) yellow curve) associated to draining the salt solution and rinsing the rhizosphere with fresh water, which indicates fast adjustment to the fluctuation in water level and thus, to changes in soil water potential.
We have also ascertained to which extent plants can regain functionality after different salt-stress exposure periods. Hence, for the tolerant clone, even an exposure of over four hours was followed by partial recovery, as soon as the stress was removed. For this clone we established that full functionality was recovered after 72 hours. In the case of the sensitive clone, the first signs of recovery appeared 24 hours after salt removal, but full functionality (P max , g s and E values comparable to the initial ones) was only measured as soon as a new leaf developed (sometimes more than a week). Furthermore, the measurements performed over 15 and 70 minutes salt exposure revealed total recovery for the tolerant clone, as opposed to the sensitive clone, which only fully recovered after the 15 minutes exposure and not after 70 minutes under salt stress.
Another important aspect of this experiment is the "recognition pattern" (plants dealing repeatedly with the same type of stress), as the 15 and 70 minutes measurements were performed on already salt-exposed plants, after one week of recovery. While at the first contact to 20 ppt salinity both clones reduced rather fast their physiological activity, the second osmotic shock, even if measured on a new, unexposed leaf, was much more reduced for the Land-type and practically non-existent for the Greeny-type, if we consider the same variation range. These results suggest acclimation to salinity stress conditions from both clones, but more efficient in the case of the Greeny-type. The response to repeated administration of salt treatment is extremely relevant, as also indicated by Doering et al. [28] , since in the natural habitat of these clones, salinity pulses are frequent. Furthermore, periods of salt stress, alternating with periods of fresh water input are most likely the actual living conditions of these clones, rather than constant salinity stress.
It is interesting to note that even if the plants had been exposed to salinity before, and therefore the salinity stress did not strike so strongly, the exposure time did have a considerable impact. In the 15 minutes of salt stress, the tolerant clone (Greeny-type) was hardly affected by the change in soil water potential, whereas for the sensitive Land-type, the inhibition of P max , g s and E was considerably higher even in this short period of time.
The 70 minutes exposure, on the other hand, was enough to provoke a stress response also on the tolerant clone. Nonetheless, the recovery after rinsing the root zone with fresh water was immediate, and to the exact same values as before disturbance for the Greeny-type. More importantly, a higher transpiration rate and stomata conductance were measured after the stress was removed, suggesting a compensation mechanism that aims to reduce the concentration of the already up-taken ions in the tissues.
The most surprising result is the continuous decline of P max , g s and E of the Land-type, even after the salt solution had been removed. These results suggest that there might be ionic stress despite the relatively short exposure. This type of stress craves more energy from the plant, since it generates more complex defensive mechanisms [29] . Entering the ionic stress phase so fast also implies that the Land-type has less efficient selective channels that can prevent toxic ions from entering the cells. Hence, there are genotype-dependent features that regulate salinity stress and therefore the response of genetically distinct clones to salt exposure may vary greatly.
The results of this study support the hypothesis that differences in salinity tolerance of the two genetically distinct P. australis clones are due to genotype-predetermined tolerance levels and may be associated with distinct ecophysiological traits that are responsible for regulating the uptake in response to changes in the soil water potential.
Conclusions
The immediate response of P. australis to salt exposure is a down-regulation of water uptake through reduced stomata conductance and transpiration rate. The response is dependent both on the salt concentration and on the exposure time, as distinct clones have different, most likely genotype-related, salinity tolerance levels.
P. australis possesses efficient physiological mechanisms to regulate the osmotic stress. Hence, as various physiological traits can adjust to changing soil salinity, they are of major importance in the osmotic phase of salt exposure. An immediate regulation of the stomata conductance and of the transpiration stream, both downwards (at low water potential) and upwards (at high water potential) seems to be an essential mechanism for coping with high soil salinities. Adjusting the water uptake in response to the salinity in the root zone allows salt-tolerant clones to take advantage of freshwater pulses and thus function better under fluctuating salt stress. Furthermore, this feature may contribute to faster establishment and better growth in brackish wetland areas and may constitute a major advantage in becoming dominant in habitats with fluctuating salinity regimes. Thus, the distribution of the Greeny-type in the salt marshes of the Mississippi River Delta is likely to increase in the disfavor of the Land-type. The dynamics of distinct P. australis populations in the area are nonetheless very complex.
